Novel antimicrobial peptides (AMP), designated Tu-AMP 1 and Tu-AMP 2, were purified from the bulbs of tulip (Tulipa gesneriana L.) by chitin affinity chromatography and reverse-phase high-performance liquid chromatography (HPLC). They bind to chitin in a reversible way. They were basic peptides having isoelectric points of over 12. Tu-AMP 1 and Tu-AMP 2 had molecular masses of 4,988 Da and 5,006 Da on MALDI-TOF MS analysis, and their extinction coefficients of 1% aqueous solutions at 280 nm were 3.3 and 3.4, respectively. Half of all amino acid residues of Tu-AMP 1 and Tu-AMP 2 were occupied by cysteine, arginine, lysine, and proline. The concentrations of peptides required for 50% inhibition (IC 50 ) of the growth of plant pathogenic bacteria and fungi were 2 to 20 g/ml. The structural characteristics of Tu-AMP 1 and Tu-AMP 2 indicated that they were novel thionin-like antimicrobial peptides, though Tu-AMP 2 was a heterodimer composes of two short peptides joined with disulfide bonds.
Antimicrobial peptides are important substances functioning as self-defense against infection by various harmful pathogens. Although plants do not have typical immune systems such as seen in animals, they have selfdefense mechanisms by antimicrobial peptides against infection with various pathogens. [1] [2] [3] [4] [5] The mechanisms exist in not only plants but also animals, and hence antimicrobial peptides are common biophylatic substances for both animals and plants. They are isolated from various sources such as animals, plants, and bacteria, and have been characterized. [6] [7] [8] [9] [10] In general, antimicrobial peptides consist of 15-40 amino acid residues, and show the common features of high basicity and amphilicity as a whole molecule. 11) In recent years, many antimicrobial peptides which contain cysteine residues abundantly have been isolated from plants, and these are classified into the plant defensin family. 12) Some of the plant defensin family show affinity against chitin, which is one of the main cell wall components of fungi, and these were classified into the hevein-type anitimicrobial peptide. [13] [14] [15] [16] Thionins occurring in barley, wheat, etc. [17] [18] [19] [20] also contain 8 cysteine residues and bind with chitin and -glucans. Since chitin and chitinlike substances do not exist in the plant's body, it is thought that chitin-binding substances are related as biophylatic substances against microorganisms, especially fungi. 16) In this paper, we describe the purification and properties of two novel chitin-binding antimicrobial peptides from Tulipa gesneriana L. using chitin affinity chromatography. These two antimicrobial peptides had a potent and wide antimicrobial activity against various pathogenic microorganisms. From their amino acid sequences, they were considered to be thionin-like antimicrobial peptides.
Materials and Methods
Materials. The tulip bulbs purchased were commercial grade. The following bacteria and fungi were used: Erwinia carotovora subsp. carotovora MAFF 106567, Agrobacterium rhizogenes MAFF 210265, Agrobacterium radiobacter MAFF 520028, Clavibacter michiganensis subsp. michiganensis MAFF 301044, Curtobacterium flaccumfaciens pv. oortii MAFF 301203, Fusarium oxysporum IFO 6384, and Geotrichum candidum, were donated by the Laboratory of Phytopathology, Department of Agriculture, Kagoshima University. All strains were cultured at 30 C in a constant temperature incubator. All other chemicals were obtained commercially and were of analytical grade.
y To whom correspondence should be addressed. Tel/Fax: +81-99-285-8632; E-mail: minami@chem.agri.kagoshima-u.ac.jp Abbreviations: AMP, antimicrobial peptide; MALDI-TOF MS, matrix assisted laser desorption ionization time of flight mass spectrometry; MeCN, acetonitrile; TFA, trifluoroacetic acid; EDTA, ethylenediaminetetraacetic acid; PITC, phenylisothiocyanate; AFP, antifungal peptide Preparation of chitin column. Chitin powder derived from crab shells was purchased from Nacalai Tesque Co. After chitin powder was washed by 0.1 N HCl and 100% ethanol, it was washed with distilled water thoroughly. These washing processes was repeated until the absorbance at 280 nm of supernatant became less than 0.05. Chitin powder was packed in a column ( 1:5 Â 15 cm), and equilibrated with 20 mM sodium bicarbonate buffer (pH 8.4).
Purification of antimicrobial peptides (Tu-AMP 1 and Tu-AMP 2). Purification at all steps was done at 4 C. Tulip bulbs (100 g) were homogenized with 10 volumes of 50 mM sodium acetate buffer (pH 5.0). After this was stirred overnight, the homogenate was filtered through gauze, and the filtrate was centrifuged at 300 g for 20 min. The clear supernatant was concentrated under reduced pressure, and saturated with ammonium sulfate. The precipitate was completely dialyzed against 20 mM sodium bicarbonate buffer (pH 8.4), and then put through chitin column chromatography. After the same buffer was loaded, chitin-binding fractions were eluted at a flow rate of 0.5 ml/min with 20 mM acetic acid (pH 3.0). The Tu-AMP 1 and Tu-AMP 2 fractions were further purified by reverse-phase HPLC on a Mightysil RP-18 column (particle diameter, 5 m; 4:6 Â 250 mm; Kanto Chemical, Japan) at a flow rate of 0.8 ml/ min using a linear gradient of 0-60% in 60 min with MeCN:
Tricine SDS-PAGE. Tricine SDS-PAGE was done at pH 8.9 under reducing conditions by 2-mercaptoethanol with a 6.0% polyacrylamide gel as described by Schgger and Jagow. 21) Silver stain was done by using a commercial kit: Sil-Best Stain-Neo (Nacalai Tesque, Japan).
Isoelectric point. Isoelectric points of Tu-AMP 1 and Tu-AMP 2 were calculated using the software available from http://www.fqs.fujitsu.com/CCS/ service/webtools/.
Carbohydrate content. Neutral carbohydrates were measured by the phenol-sulfuric acid method, 22, 23) and expressed as the amount of glucose.
MALDI-TOF MS. For measuring molecular mass, Tu-AMP 1 and Tu-AMP 2 were analyzed on a matrixassisted laser desorption/ionization time-of-flight mass spectrometer (MALDI-TOF MS) (Voyager DE-RP, Perseptive Biosystems, USA), which used a pulsed nitrogen laser emitting at 337 nm. Pressure in the ion chamber was maintained between 1 Â 10 À7 and 4 Â 10 À7 Torr. The matrix solution contained saturated -cyano-4-hydroxy-cinnamic acid in 50% acetonitrile/ 0.1% TFA. Matrix mixture solution (matrix: Tu-AMPs = 9:1, v/v) was spotted on the sample plate and then airdried completely. Mass spectra were collected by using the linear delayed extraction mode (DE mode) and positive ion mode with the following parameters: accelerating voltage, 20,000 V; grid voltage, 95.500%; guidewire voltage, 0.050%; low mass gate 500.0; and laser intensity, 2,400. Signals from 26-256 excitation pulses were accumulated and averaged to yield each recorded mass spectrum. The spectra were externally calibrated with -chain (½M þ H þ ¼ 3497:0 Da) andchain of insulin (½M þ H þ ¼ 5731:6 Da), and analyzed using GRAMS/386 software (Galactic Industries Corp., Salem, NH).
Assay of antimicrobial activity. Antimicrobial activity was measured by a method similar to that of Broekaert et al. 24) using PD medium (Sigma, USA) containing 2:5 Â 10 4 fungal spores/ml for antifungal activity, and 1 Â 10 5 colony forming units of bacteria/ml for antibacterial activity. A peptide solution (20 l) sterilized by ultrafiltration with nitrocellulose membrane and the sterilized culture solution (80 l) were successively put into a microplate well, and incubated for 24 h at 30 C. Turbidity of the solution was measured at 490 nm.
Pyridilethylation of Tu-AMP 1 and Tu-AMP 2. Lyophilyzed Tu-AMP 1 and Tu-AMP 2 (100 nmole) were dissolved in 75 l of 8 M guanidine hydrochloride, and 25 l of 2 M Tris-HCl buffer (pH 8.5) containing 10 mM EDTA and 20 l of 2-mercaptoethanol were successively added to the solutions. After incubation at room temperature for 4 h, 20 l of 4-vinylpyridine was added. After incubation at room temperature for 4 h, pyridilethylated Tu-AMP 1 and Tu-AMP 2 were purified by reverse-phase HPLC using a Mightysil RP-18 column at a flow rate of 0.8 ml/min using a linear gradient of 0-50% in 50 min with MeCN:H 2 O (8:2, v/v) in 0.1% TFA.
Amino acid composition and sequence analyses. Pyridilethylated Tu-AMP 1 and Tu-AMP 2 (10 nmol) were hydrolyzed with 6.0 N HCl containing 0.05% 2-mercaptoethanol (200 l) in sealed evacuated tubes at 150 C for 1 h. After hydrolysis, each amino acid was modified with PITC, and analyzed with a Waters PicoTag amino acid analyzer (Waters 2690 Separations Module, USA). The content of tryptophan was measured by the method of Edelhoch.
25) The amino acid sequences of the Tu-AMP 1 and Tu-AMP 2 were analyzed with an Applied Biosystems Procise 492 protein sequencer.
26)

Results
Purification and characterization of Tu-AMP 1 and Tu-AMP 2
The antimicrobial peptides of tulip bulbs (100 g) were purified by two kinds of chromatography. Tu-AMP 1 and Tu-AMP 2 were obtained from eluted fractions by chitin affinity chromatography , and was further purified by reverse-phase HPLC on Mightysil RP-18 ( Fig. 1) to give two active fractions, followed by rechromatogra-phy. Two antimicrobial peptides named Tu-AMP 1 and Tu-AMP 2 were obtained in purified forms. Yields of purified Tu-AMP 1 and Tu-AMP 2 were 600 g and 50 g, respectively. As shown in Fig. 2 , unreduced Tu-AMP 1 and Tu-AMP 2 migrated as single bands with apparent molecular masses of about 5 kDa, respectively. In contrast, under reducing conditions, although Tu-AMP 1 showed the same pattern as that observed under nonreducing conditions, Tu-AMP 2 migrated as a band with apparent molecular mass of about 2.5 kDa. It was suggested that Tu-AMP 1 was a single chain 5 kDa peptide and Tu-AMP 2 was a dimer composed of two 2.5 kDa peptides combined by disulfide bonds.
On MALDI-TOF MS, singly protonated molecular ions ðM þ HÞ þ of Tu-AMP 1 and Tu-AMP 2 were observed at m=z 4,989 and 5,007, respectively (Fig. 3) , indicating that their molecular masses of them were 4,988 and 5,006 Da, respectively. No carbohydrate was detected by the method using phenol-H 2 SO 4 . The extinction coefficients of Tu-AMP 1 and Tu-AMP 2 of 1% aquaeous solutions at 280 nm (E 1% 280 nm ) were 3.3 and 3.4, respectively.
Antimicrobial activities of Tu-AMP 1 and Tu-AMP 2 They had wide antimicrobial spectra against various plant pathogenic bacteria and fungi. The antimicrobial activities of Tu-AMP 1 and Tu-AMP 2 against plant pathogenic fungi and bacteria were evaluated as the concentrations required for 50% growth inhibition, IC 50 , ( Table 1) . The values of IC 50 varied from 2 to 20 g/ml, depending on the tested microorganisms. The antimicrobial potency of Tu-AMP 1 was almost identical with that of Tu-AMP 2.
Amino acid compositions and sequences of Tu-AMP 1 and Tu-AMP 2
Amino acid compositions of Tu-AMP 1 and Tu-AMP 2 are shown in Table 2 . Their amino acid compositions were very similar; They were particularly rich in cysteine and basic amino acids, arginine and lysine. The complete amino acid sequences of Tu-AMP 1 and Tu-AMP 2 are shown in Fig. 4 . The full-length amino acid sequence of Tu-AMP 1 from the aminoterminus was analyzed (Fig. 4A) . Tu-AMP 1 consisted of 46 amino acid residues, and it was a single-chain peptide which contained four disulfide bonds in the molecule; The difference of values between MALDI-TOF MS analysis and theoretical masses caluculated from the amino acid sequence data were 8.2 Da, assuming that all eight cysteins formed four disulfide bonds.
After pyridilethylation of Tu-AMP 2 in the presence of 2-mercaptoehanol, it was cleaved into two short peptides, -chain and -chain, respectively (Fig. 5) . The full-length amino acid sequence of each chain from the amino-terminus was identified (Fig. 4B ). -Chain consisted of 20 amino acids, and the -chain did of 26 amino acids. The amino acid sequences of Tu-AMP 1 and Tu-AMP 2 were the same except for 8 valine of in Tu-AMP 1 being replaced by 8 threonine in the -chain of Tu-AMP 2, and 34 leucine in Tu-AMP 1 being replaced by 14 isoleucine in -chain of Tu-AMP 2. Molecular masses of each pyridilethylated peptide were analyzed by MALDI-TOF MS, respectively (Fig. 6 ). In the results from the mass analysis of each pyridilethylated chain, it has been checked that eight 4-vinylpyridine had been introduced into each peptide, theoretically. The difference of values between MALDI-TOF MS analysis and theoretical masses caluculated from the amino acid sequence data were 8.0 Da, assuming that all eight cysteins formed four disulfide bonds. Although Tu-AMP 2 also consisted of 46 amino acid residues, Tu-AMP 2 had a unique structure; it was a heterodimer consisting of -chain and -chain. The isoelectric points of both Tu-AMP 1 and Tu-AMP 2 were calculated to be 12.1 using the software.
Discussion
Binding of several antimicrobial peptides to chitin suggested that chitin affinity chromatography were succesfully applicable to purification of antimicrobial peptides. In this work, novel antimicrobial peptides, designated Tu-AMP 1 and Tu-AMP 2, were purified by a simple procedure based on chitin affinity chroma- 
The number in parenthesis are from the sequence determined. The full-length amino acid sequence from the amino-terminus of Tu-AMP 1 was analyzed after treatment with pyridilethylation. In case of Tu-AMP 2, after pyridilethylation it was cleaved into two short peptides, -chain and -chain, respectively. Then the amino acid sequence of each chain from the amino-terminus was identified. Cysteine is emphasized by half-tone dot meshing. Replaced amino acid residues were enclosed by squares. 
tography.
Tu-AMP 1 and Tu-AMP 2 had the chitin-binding activity, and consisted of 46 amino acid residues. Tu-AMP 1 and Tu-AMP 2 had common chemical features of plant defensins in two points: high basicity, and multiple disulfide bonds in the molecule. In recent years, many antimicrobial peptides which contain cysteine residues abundantly have been isolated from plants, and these are classified as plant defensins.
12) The sequence of Tu-AMP 1 was compared with those of various antimicrobial peptides in plant defensins (Fig. 7) . We propose that these plant defensins can be classified broadly into three types (hevein type, C6 type, and C8 type) according to the number and the position of cysteine residues in the molecules.
The sequence of Tu-AMP 1 was compared with those of plant defensins (Fig. 7) . Hevein is isolated from rubber latex, and are reported to have chitin-binding activity, generally. It is thought that the chitin-binding activity might rely on the presence of well-conserved aromatic amino acids and the amino-terminal pyroglutamate residue (Fig. 7A) . 14, 27, 28) However, Tu-AMP 1 did not have the amino acid sequence characteristic of hevein-type plant defensins. The C6 type of plant defensin contains 6 cysteine residues and a continuous sequence of cysteine (-CC-) (Fig. 7B) , 29, 30) but the C8 type contains 8 cysteine residues and does not contain the continuous sequence of cysteine (-CC-) (Fig. 7C) . 31) From the sequence of Tu-AMP 1, although it contained 8 cysteine residues, it distinguished itself from the C8 type of plant defensin by the distribution of cysteine residues: it has the continuous sequences (-CC-) near the amino-terminus of the molecule. These structural characteristics indicate that Tu-AMP 1 is not classified into the C8 type of plant defensin. 14) In addition to plant defensins, there is an antimicrobial peptide which is called thionin, which are isolated from barley, wheat, etc, and known to contain 8 cysteine residues and to bind to chitin (Fig. 8) .
32) Tu-AMP 1 showed a high degree of homology to -and -thionins (about 50% identity), its arrangement of cysteine residues were in complete agreement with those of - The amino acid sequence of Tu-AMP 1 was compared with those of typical plant defensins. These plant defensins can be divided into three types. (A) Hevein-type; (B) C6 type; (C) C8 type; Tu-AMP 1 was not homologous to hevein-type. The well-conserved amino acids indicated in black are involved in chitin-binding activity. Then, although Tu-AMP 1 has 8 cysteine residues, their cysteine arrangements were clearly different from those of C8 type plant defensins. Then, the amino acid sequence of common cysteines are emphasized by half-tone dot meshing. Horizontal bar indicates gaps introduced for optimal alignment of the sequences. Hevein; antimicrobial peptide from Hevea brasiliensis. Pn-AMP 2; antimicrobial peptide from Pharbitis nil. Pa-AMP 1; antimicrobial peptide from Phytolacca americana. Mj-AMP 1; antimicrobial peptide from Mirabilis jalapa. Dm-AMP 1; antimicrobial peptide from Dahlia merckii. Ah-AMP 1; antimicrobial peptide from Aesculus hippocastanum.
and -thionins.
Tu-AMP 2 was a unique anitimicrobial peptide. Although many anitimicrobial peptides have been discovered from plants, the form which two short peptide chains combined by disulfide bonds like Tu-AMP 2 has not been found until now. Although the two peptides were not separated as two bands on electrophoresis, each chain could be separated by HPLC, and then the sequence analyzed from each amino-terminus. The primary structural features indicated that Tu-AMP 1 and Tu-AMP 2 were novel thionin-like antimicrobial peptides, and that Tu-AMP 2 was unique in the dimer structure.
Tu-AMP 1 and Tu-AMP 2 had antimicrobial activity to both bacteria and fungi. But, it is unknown how the antimicrobial peptide inhibits the growth of both bacteria and fungi. Since cell walls of bacteria consist of peptidoglycan, and those of fungi contain chitin, antimicrobial peptides might have a different interaction to each other.
Mammals have gained a skillful self-defense mechanism which is called immunity, but plants don't have it. However, plants are considered to have gained another very skillful and original self-defense system in the process of evolution. Antimicrobial peptides are common biophylatic substances against microorganisms between plants or animals. It is very probable that the self-defense mechanism by biophylatic substances through these peptides can be widely generalized not only for animals but for plants.
In this paper, we showed the existence of new thioninlike peptides, Tu-AMP 1 and Tu-AMP 2. They had potent antimicrobial activity against both bacteria and fungi. The biological meaning for existence of the antimicrobial substance such as Tu-AMP 1 and Tu-AMP 2 from bulbs of tulip has not been clarified. But, it is probable that plants have gained self-defense substances skillfully, in order to keep themselves going in the long stage of evolution. It is necessary to add to the knowledge about the structure-function relationships of these antimicrobial peptides. The amino acid sequence of Tu-AMP 1 was compared with those of thionins. Tu-AMP 1 shows a high degree of homology to -and -barley hordothionins and wheat purothionins. The arrangement of cysteine residues were in completely agreement. Common cysteines are emphasized by asterisks. Horizontal bar indicates gaps introduced for optimal alignment of the sequences. Amino acids identical perfectly are marked in black. The disulfide bonds are indicated with full lines.
